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(57) ABSTRACT 

An optical structure is fabricated by forming an active layer 
including a photode?nable material on a substrate or on 
another underlying layer, forming an upper layer above the 
active layer, and then patterning the active layer by selective 
application of radiation through the upper layer. The upper 
layer is substantially transparent to radiation of the type 
required to activate the photode?nable material in the active 
layer. 

23 Claims, 9 Drawing Sheets 

602 

606 



US 6,724,968 B2 
Page 2 

US. PATENT DOCUMENTS 5,402,514 A * 3/1995 Booth et a1. .............. .. 385/130 
5,544,268 A 8/1996 Bischel et a1. ............... .. 385/4 

3,993,485 A * 11/1976 Chandross er a1- ------- -- 385/141 5,874,187 A * 2/1999 Colvin e181. ................ .. 430/2 

4,712,854 A * 12/1987 Mikami er a1- -- 5,932,397 A * 8/1999 Mustacich ......... .. .430/321 

5,009,483 A 4/1991 Rockwell, 111 6,035,083 A 3/2000 Brennan, III et a1. 385/37 
5,121,462 A * 6/1992 Fabre et a1. .............. .. 385/143 

5,159,699 A 10/1992 de Monts * cited by examiner 



U.S. Patent Apr. 20, 2004 Sheet 1 0f 9 US 6,724,968 B2 

Fig. 1 21 

(Prior Art) 
I 

[03 

Fig. 1b ()4 

(Prior Art) 102 
03 

108 

Fig. 1c 
(Prior Art) 

vi 

I08 

no 

Fig. 1d ' 104 

(Prior Art) 102 

\03 



U.S. Patent Apr. 20, 2004 Sheet 2 0f 9 US 6,724,968 B2 

Fig. 2a 

212 

Fig. Zh 4704 

202 

212 

Fig. 2c 20‘ 

212 

208 

Fig. 2d 

Fig. 2e 

212 



U.S. Patent Apr. 20, 2004 Sheet 3 0f 9 US 6,724,968 B2 

Fig. 3 

304 

4k 

c2382? 
366 

Wavelength 

Fig. 4 



U.S. Patent Apr. 20, 2004 Sheet 4 0f 9 US 6,724,968 B2 

510 
508 

506 

602 

606 



U.S. Patent Apr. 20, 2004 Sheet 5 0f 9 US 6,724,968 B2 

2 0 7 

708 

FIG. 7 



U.S. Patent Apr. 20, 2004 Sheet 6 6f 9 US 6,724,968 B2 

UNWIND 302 
SUBSTRATE / 

l 
04 

PRE-TREAT /8 

806 L 812 f 14 
6 / / 6 

COAT Partial Cure COAT 
(lower cladding) (com layer) (upper cladding) 

'6 f + 

Partial Cure COAT Partial Cure 
(lower cladding) (core layer) (upper cladding) 

/ l 310/ 816 ‘l 
808 WIND 

/_ (Multilayer Web) 
813 

Fig 8 



U.S. Patent Apr. 20, 2004 Sheet 7 0f 9 US 6,724,968 B2 

924 922 920 918 916 914 904 

E $ t‘ 906 
/ 

08 

I - - - - - -/ T‘k?'a?k?'a. ‘0:0 'l'l‘l in‘: IQIOiI I'll I III "[0 ‘Lin:- I‘. III." 
902 

9H) 

96K /\1 

Fig. 9 



U.S. Patent Apr. 20, 2004 Sheet 8 0f 9 US 6,724,968 B2 

002 

.2 .mE 



U.S. Patent Apr. 20, 2004 Sheet 9 0f 9 US 6,724,968 B2 

1125 



US 6,724,968 B2 
1 

PHOTODEFINITION OF OPTICAL DEVICES 

This application claims the bene?t of US. Provisional 
Application No. 60/168,572, ?led Dec. 2, 1999 and incor 
porated herein by reference. 

This invention Was made With Government support 
under Contract No. N61331-96-C-0036 aWarded by the US. 
Navy, Naval Surface Warfare Center. The Government has 
certain rights in the invention. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to methods for producing optical 

Waveguides, and other such components or devices Which 
require patterns of altered index of refraction or thickness in 
transparent polymer multilayer structures. In particular this 
invention relates to methods for producing such optical 
Waveguides, and other such components or devices upon 
irradiation With actinic radiation and subsequent treatment. 
These optical Waveguides, and other such components or 
devices may be used in ?elds ranging, for example, from 
telecommunications, to optical computing, data storage, 
displays, and sensors. 

2. Description of Related Art 
Current technology for manufacturing polymer optical 

Waveguides includes techniques Well knoWn in the art, such 
as, for example, reactive ion etching (RIE) or laser ablation 
of the core or cladding layers to provide rib Waveguides, ion 
implantation, or photobleaching of the core or cladding 
layers. In addition, optical Waveguides can be formed by 
photode?nition, a process in Which a layer of organic 
material, for example a polymer, is deposited on another 
layer of material, and predetermined regions of the polymer 
layer are subjected to actinic radiation in order to alter the 
refractive index of these regions. 

The ?rst step in the photode?nition process is the depo 
sition of one or more transparent photosensitive monomers 
onto a substrate. The chosen monomers are selected on the 

basis of their ability to dimeriZe or polymeriZe upon expo 
sure to light and their relative indices of refraction. When 
such monomers are subsequently irradiated With a pattern of 
light, for example ultraviolet (UV) light, polymeriZation is 
initiated in the exposed material. Since the polymer is 
formed from reacted monomers, monomer concentration is 
depleted in the irradiation region, creating a gradient in 
chemical potential betWeen the exposed and the unexposed 
areas. The resulting gradients are unstable, and the smaller 
molecular-Weight monomers surrounding the photochemi 
cally reacted material Will diffuse as much as possible into 
the polymeriZed regions, increasing the index and creating a 
feature in the planar layer. At least a single, subsequent 
exposure of the entire material system to high-intensity UV 
or thermal radiation, for example, may be used to complete 
the process. This ?xing step polymeriZes all remaining 
reactants, creating a system that is effectively fully cured and 
inert. An important aspect of this procedure is that the 
resulting physical density in the patterned (exposed) regions 
is either higher or loWer than in the unpatterned material. 
This density difference causes an associated difference in 
index of refraction. Importantly for photonic devices, this 
index change is stable against further processing and pro 
nounced enough to enable efficient Waveguiding. Aprocess 
of creating optical Waveguides by photoinduced diffusion is 
described by Chandross et al. (US. Pat. Nos. 3,809,732; 
3,809,696; 3,993,485, and; 3,953,620, all of Which are 
incorporated herein by reference) and has been used exten 
sively to create photonic devices. 
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2 
It should be noted that photo-imaging might also be 

considered to be a form of photode?nition. In this process, 
an imaging layer is deposited on a substrate, and an image 
transferred into the surface of or throughout the entire 
imaging layer. The imaging layer in this instance Would 
contain the photosensitive molecules. This technique Would 
enable, for example, a Waveguide to be fabricated by coating 
a substrate/loWer cladding layer With photoresist or electron 
beam sensitive material such as PMMA, impinging light 
from a suitable light source (e.g., light in an ultraviolet 
region) upon a photomask having a predetermined pattern to 
transfer the pattern to the photoresist, and developing the 
photoresist to provide photoresist having the predetermined 
pattern. In this case, the predetermined pattern is the pattern 
for the rib/core of the Waveguide, and material from the 
imaging layer has been removed to leave the free-standing 
feature. The Waveguide fabrication is completed by depos 
iting additional layer(s) over the patterned rib/core layer, 
these layers being additional core or cladding layers. It Will 
be appreciated, that the optical feature, or rib, described 
here, is not dependent upon diffusion for its de?nition. 
To applicants’ knowledge, the prior art of photode?nition 

of polymer optical Waveguides requires that the photode? 
nition process occur effectively immediately folloWing the 
deposition of the photode?nable layer, and before deposition 
of the upper cladding layer, unless this is to be the photo 
de?ned layer. Consequently the photode?nition process 
necessitates that the layer coating/deposition process be 
interrupted and intermediate photode?nition processes or 
other processing and treatment effected before coating is 
?nally resumed to complete manufacture of the device. 
Interruption of the coating process to perform photode?ni 
tion may ultimately lead to higher loss Waveguides due to 
dust or dirt being deposited either at, or in close proximity 
to, the optical layer during processing, and a greater chance 
of the generation of defects in or near the optical layer due 
to the number of photode?nition processing steps that must 
be performed directly thereon. 

FIGS. 1a to 1a' illustrates schematically the technique by 
Which photode?nition is conventionally practiced in the 
prior art. As shoWn in FIG. 1 a, the loWer cladding 102 is 
deposited on the substrate 103 and cured, and a core layer 
104 is then deposited over the loWer cladding 102. The core 
layer 104 is then optically patterned, for example by 
photode?nition, as illustrated in FIG. 1c. In this example the 
optical patterning is lithographic, in Which radiation 105 
projected through a mask 106 is used to pattern the optical 
elements. Alternatively the exposure can result in a chemical 
change folloWed by removal of residual polymer/monomer 
using a Wet etch, laser ablation, or further processing, to 
leave a rib Waveguide (not shoWn). This step produces an 
area of elevated or reduced refractive index, 108, FIG. 1c. If 
necessary, the core layer is then locked or stabiliZed using 
suitable thermal or radiation exposure processing such that 
further refractive index change is unattainable. An upper 
cladding layer 110 is then deposited and cured, as indicted 
by FIG. 1d. It Will be apparent that in this process, the layer 
104 to be patterned, is processed to achieve photode?nition 
before subsequent layer(s) 110 are applied. This interruption 
in the layer coating process may ultimately lead to higher 
loss Waveguides due to dust or dirt being deposited either at, 
or in close proximity to, the core/upper cladding interface 
during the photode?nition processing steps, or in 
processing, planariZation or uniformity problems. It should 
be noted that the terms upper and loWer are used herein 
solely for convenience in referring to speci?c layers. The 
layers they refer to are not intended to change if the structure 
is turned upside doWn or tilted. 
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The present invention provides optical Waveguides, com 
ponents or devices that may be de?ned after a complete 
optical multilayer structure/stack has been deposited. In 
addition, the utiliZation of multiple photosensitive molecules 
enables the required change in index for Waveguide fabri 
cation and increased ease of processing (e. g., feWer process 
ing steps, better adhesion). Furthermore, the invention 
alloWs for a continuous or progressive fabrication process to 
be considered, enabling the reduction, if not the elimination, 
of the need to interrupt the coating process to perform 
Waveguide photode?nition and/or not requiring the interrup 
tion of a continuous (roll) manufacturing multilayer 
structure/stack deposition process. UtiliZation of the current 
invention enables several advantages to be realiZed. These 
advantages include, for example, the folloWing: loWer loss 
Waveguides due to less dust/dirt being deposited in, or in 
close proximity to, the optical layer during processing; the 
option for the deposition/coating processing to be performed 
independently from Waveguide photo-patterning and the 
potential for increased ease of overall processing including 
a decreased number of fabrication steps and improved 
interlayer adhesion as a result of the uninterrupted layer 
coating process. This invention also has the ?exibility to be 
used to position and create channel Waveguides exactly 
Where required Within a multilayer structure to interconnect 
components. 

SUMMARY OF THE INVENTION 

According to the invention, roughly described, an optical 
structure is fabricated by forming an active layer including 
a photode?nable material on a substrate or on another 

underlying layer, forming an upper layer above the active 
layer, and then patterning the active layer by selective 
application of radiation through the upper layer. The upper 
layer is substantially transparent to radiation of the type 
required to activate the photode?nable material in the active 
layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention may be more fully understood from the 
folloWing detailed description thereof taken in connection 
With the accompanying draWings Which form a part of this 
application and in Which: 

FIGS. 1a—1d (collectively FIG. 1) is a schematic outline 
of the methods steps of a conventional photode?nition 
process. 

FIGS. 2a—2e (collectively FIG. 2) is a schematic outline 
of methods steps that may be used to implement the current 
invention. 

FIG. 3 illustrates the optical response characteristics of 
tWo photoinitiators. 

FIGS. 4(a) and 4(b) (collectively FIG. 4) experimentally 
shoW the observed mode pro?le for Waveguides created via 
reactive ion etching and via the UV photode?nition process 
of the current invention, respectively. 

FIG. 5 illustrates a multilayer optical stack incorporating 
tWo core layers. 

FIG. 6 is a magni?cation of a selected region of FIG. 5 
illustrating coupling betWeen the tWo core layers. 

FIG. 7 is a perspective vieW of a thermo-optic grating 
device fabricated according to the invention. 

FIG. 8 is a How diagram illustrating hoW a multilayer 
structure can be fabricated on a Web. 

FIG. 9 illustrates schematically a “conveyor belt” type 
fabrication process for further processing a multilayer struc 
ture fabricated on a Web. 
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4 
FIG. 10 illustrates schematically an optical Waveguide 

display system incorporating applicators and electrical inter 
connect vias. 

FIG. 11 illustrates schematically an add-drop mux-demux 
for WDM communication systems. 

FIG. 12 illustrates another embodiment of a multilayer 
optical stack incorporating tWo core layers. 

DETAILED DESCRIPTION 

A schematic representation of an embodiment of the 
current invention is illustrated in FIGS. 2a to 26. In essence, 
the ?gures shoW a process in Which an interior layer of an 
optical multiple layer stack is photode?ned in the presence 
of at least one over-layer and an optional under-layer. The 
layer that is ultimately to be photode?ned is therefore 
“protected” during the photode?nition process from the 
incorporation of dust or other foreign bodies, the creation of 
extrinsic surface ?aWs and consequently has the potential to 
support loWer loss optical Waveguides. In addition, an 
uninterrupted layer coating process offers the prospect of 
improved interlayer adhesion properties. The loWer number 
of defects attainable by such processing ultimately leads to 
feWer failure modes, higher yield of fabricated optical 
Waveguides and an improved product quality. 

Implementation of the process illustrated in FIG. 2 
involves an interior layer polymer chemistry system that 
satis?es tWo general requirements: ?rstly the interior layer 
should be stable enough to have an upper layer placed over 
it, and be coated on a loWer layer if desired; secondly, that 
it remain active enough to be controllably patterned, even 
after the upper layer has been placed over it. 

In accordance With an embodiment of this invention, the 
process for creating an optical polymeric Waveguide may 
comprise the steps of: (a) creating an optical multiple layer 
stack, mechanically and chemically stabiliZed; (b) patterning 
With radiation, for example UV light, to activate a plurality 
of photosensitive molecules such that they enable an optical 
device to be de?ned; and (c) locking the ?nal structure 
permanently With radiation to substantially prevent future 
unWanted refractive index changes. 

In accordance With the preferred embodiment of this 
invention, the process for creating an optical polymeric 
Waveguide may comprise the steps of: (a) creating an optical 
multiple layer stack, mechanically and chemically stabiliZed 
eg by activating a ?rst type of photosensitive molecule by 
exposure to a ?rst Wavelength, Which may be, for example, 
visible light, causing suf?cient linking of the polymer mol 
ecules to at least prevent the layers of the stack from 
?oWing; (b) patterning With a second Wavelength of light, 
for example With ultraviolet (UV) light, the second Wave 
length activating a second type of photosensitive molecule 
Which enable an optical Waveguide to be de?ned; (c) option 
ally enhancing the diffusion or crosslinking process by, for 
example, baking the optical stack; and (d) locking the ?nal 
structure permanently, With a third Wavelength of light, a 
Wavelength Which may be different from the second Wave 
length used, for example With ultraviolet light. The aim of 
this step is to activate at least any of the ?rst type of 
photosensitive molecule, and preferably any of the second 
type of photosensitive molecule that have not previously 
been activated, effectively locking the ?nal structure and 
substantially preventing future unWanted refractive index 
changes. These steps are illustrated schematically in FIG. 2. 
Creating an Optical Multiple Layer Stack 

In this embodiment of the invention, the optical multi 
layer stack is constructed by forming one layer on top of the 
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next. The optically transparent polymer loWer cladding layer 
202 lies on an optional substrate 212. This support prevents 
mechanical failure of the ?lm, such as breakage or Wrinkling 
that Would affect the surface quality and uniformity during 
and folloWing processing. The optional substrate 212, the 
support layer, may be either some form of in?exible material 
such as glass, sapphire or silicon, or a ?exible Web-like 
material such as Mylar® or Kapton®. It Will be apparent that 
if no substrate is provided, a portion of the loWer cladding 
202 itself may act as the support material. 

The loWer cladding 202 is preferably a crosslinked 
polymer, for example, an (acryloxypropyl)methylsiloxane 
dimethylsiloxane copolymer (available from Gelest, Inc. of 
TullytoWn, Pa. as product code UMS-992), or may alterna 
tively comprise an inorganic or non-crosslinked organic 
material, for example silica glass, polymer, semiconductor, 
sol-gel, aero-gel, liquid crystal, self assembled monolayer or 
ceramic. A crosslinked polymer is de?ned as a netWork 
formed by a multifunctional monomer/polymer. In a 
loosely-crosslinked material, local freedom of motion asso 
ciated With the small-scale motion of chain segments is 
retained, but large-scale movement (?oW) is prevented by 
the restraint of a diffuse netWork structure. The crosslinked 
netWork extending throughout the ?nal article is stable to 
heat and cannot be made to ?oW or melt under conditions 
that Would cause linear (not crosslinked) polymers to ?oW or 
melt. 

The loWer cladding 202 may be deposited on the substrate 
by one of the many available methods knoWn in the art 
(dependent on the material used), such as for example spin, 
meniscus, extrusion, spray, dip, slot-die, or ?ash evaporation 
coating for polymer materials, vacuum deposition (e.g. 
evaporation, sputtering, chemical vapor deposition, CVD, or 
plasma enhanced CVD) for hard oxide or nitride materials 
such as SiO2 or SiNx. The top surface of the resulting loWer 
cladding layer (the surface furthest from the substrate) 
should be optically smooth and defect free so as to result in 
loW scattering of the optical mode at the core-cladding 
interface and subsequently lead to a loW optical Waveguide 
propagation loss in the integrated optical circuit. In addition, 
the cladding layer material itself should inherently exhibit 
loW absorption and scattering at the Wavelength(s) to be 
guided in the optical structure. 

It is preferable that, once deposited, this loWer cladding 
layer be stable, that is of a consistency such that it does not 
?oW over or into the substrate, and that it is both structurally 
and chemically able to receive the core layer above it 
Without being adversely structurally or chemically affected, 
i.e., rendered incapable of acting as a Waveguide cladding 
layer, or preventing an overlying layer from operating in its 
desired photode?nable manner. For loWer cladding materials 
that do not inherently exhibit these properties in the 
as-deposited state, it is preferable that they be at least 
partially cured to achieve these properties. Partial curing 
means treating or processing such that further reaction 
during or folloWing processing may be alloWed if appropri 
ately activated and desired. The at least partial curing may 
be accomplished by incorporating a plurality of photosen 
sitive molecules of a ?rst type, the photosensitive molecules 
comprising photosensitive monomers, charge transfer 
agents, photoinitiators or other such molecules that can be 
activated at a selected Wavelength, )tLC, or range of 
Wavelengths, in the loWer cladding material. For example, 
this ?rst type of photosensitive molecule may be activated at 
a long Wavelength such as that of visible light With a 
Wavelength greater than 430 nm. Once deposited, e.g., by 
sputtering, the loWer cladding polymer layer may then be 
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6 
exposed to this visible light, by for example a conventional 
lamp/?lter combination, causing suf?cient linking of the 
molecules such that the material is prevented from ?oWing 
or sWelling. The inclusion of such a ?rst type of photosen 
sitive molecule enables the loWer cladding layer, once 
deposited, to be at least partially cured, that is to substan 
tially retain its thickness and uniformity despite subsequent 
processing. 
An optical core layer 204, preferably a polymer layer as 

described beloW, is next applied over the loWer cladding 
layer 202 to ultimately provide an optical Waveguiding 
structure. At this stage, the refractive index difference 
betWeen the as-deposited core and the upper and loWer 
cladding layers, combined With the thickness of the core 
layer, does not have to be sufficient to provide con?nement 
for at least one propagating mode of the structure, but the 
material selection does enable such con?nement once the 
subsequent photode?nition process has been completed. 
Hence, the portion of the core layer that has been subse 
quently photode?ned has a refractive index that is different, 
that is either greater or less, than either of the cladding 
layers. HoWever, the present embodiment uses different 
starting (as-deposited) indices in the vertical direction for 
the different layers of the optical structure, and employs the 
photode?nition diffusion process to create lateral Waveguide 
mode con?nement. In addition, the thickness and the refrac 
tive index difference betWeen the core and cladding layers 
should preferably be suf?cient to ensure that the evanescent 
?eld of the optical mode in the cladding layer has decayed 
aWay to substantially Zero before it reaches the outermost 
boundary of the cladding, in order to minimiZe propagation 
or absorption losses and the effect of the environment. 
HoWever, for situations in Which it is desirable that the 
Waveguide mode interact With the cladding surface or fea 
tures adjacent thereto, for example electrodes, it may not be 
necessary for the evanescent mode to decay to such a value. 
Equations for determining appropriate optical thickness are 
Well knoWn in the art, and can be found, for example, in 
Nishihara et al., “Optical Integrated Circuits”, McGraW Hill, 
1989, incorporated herein by reference in its entirety. 
The deposition process for the core layer is again depen 

dent on the material choice, as for the loWer cladding layer. 
Suitable choices for the core layer are polymer materials 
such as Norland Optical Adhesive 68, PMMA, or a suitably 
selected crosslinkable polymer. The selected material should 
be able to provide a different refractive index (i.e. higher or 
loWer) than both the cladding layers (at least once photo 
de?nition has been completed) and possess suf?cient optical 
transparency (loW absorption and scattering losses) for the 
desired Wavelength(s) to be propagated through the optical 
structure, With acceptably loW losses (acceptable loss is 
determined by the exact device design and function). In 
addition, this core layer should have a loW surface roughness 
to prevent excess propagation loss due to scattering at the 
interlayer interfaces. 
As for the loWer cladding 202, a limited or partial cure of 

the core layer 204 may be advantageous depending upon the 
material utiliZed. Such limited or partial curing may be 
preferred in the case Where the core layer is to be photode 
?ned. In this instance, the partial curing of the polymer prior 
to the photode?nition step enables suf?cient crosslinking to 
prevent the material from ?oWing, sWelling, or chemically 
interacting With the other layers, hence providing for a 
robust structure capable of being rolled up (provided that the 
substrate is not rigid) and stored in a pre-patterned state. 
HoWever, the crosslinking is not sufficient to entirely pre 
vent subsequent diffusion or further crosslinking from 
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occurring after appropriate processing. The partial cure may 
be performed at either the same Wavelength )LLC as the loWer 
cladding 202, or a different Wavelength )tc . It Will be 
apparent that if partial curing of the core layer 204 is to occur 
at the same Wavelength as the loWer cladding 202, the same 
?rst type of photosensitive molecules may be incorporated 
into the core layer 204 on deposition. 

In addition to this ?rst type of photosensitive molecule, 
the core layer 204 in this embodiment is preferred to 
comprise a second type of photosensitive molecule. This 
second type of photosensitive molecule may comprise a 
photosensitive monomer, charge transfer agent, photoinitia 
tor or other such molecules, that is activated at a second 
Wavelength distinct from the ?rst Wavelength, for example 
a UV Wavelength. It is this second type of photosensitive 
molecule that Will later be utiliZed for creation of the optical 
Waveguide. In general, the greater the concentration of the 
second type of photosensitive molecule in the core layer 
material, the greater the refractive index change achievable 
upon later photode?nition up to the limit imposed by the 
number of total bonds Which can form in the polymer. 
Preferably the second type of photosensitive molecule con 
centration should be in the range of 0.1% to 20% by volume 
of the core layer material, but it may be as high as 80%. It 
is important that a response, e. g., the absorption Wavelength, 
of the second type of photosensitive molecule be either 
above or beloW some threshold set by the properties of the 
?rst type of photosensitive molecule. In this manner, it can 
be arranged such that substantially only one of the ?rst or 
second types of photosensitive molecules Will respond at a 
given Wavelength. 

FIG. 3 shoWs the spectral responses of tWo hypothetical 
types of photosensitive molecules, speci?cally for incorpo 
ration in the embodiment of FIGS. 2a—2e, a ?rst type of 
photosensitive molecule 302 and a second type of photo 
sensitive molecule 304. Their different response character 
istics can be exploited to effect separate activation by 
exposing them to different Wavelengths of light. The ?rst 
type of photosensitive molecule 302, With its strong 
response at a longer Wavelength 306, is activated ?rst using 
a lamp/?lter combination With a sharp Wavelength cutoff 
beloW some loWer threshold set by the properties of second 
type of photosensitive molecule 304. This ?rst Wavelength 
exposure does not substantially affect or activate this second 
type of photosensitive molecule 304, although there may be 
a Weak absorption by the second type of photosensitive 
molecule, possibly inducing a small activation of that spe 
cies. After the ?rst activation reaction due to the ?rst type of 
photosensitive molecules has proceeded, either partially or 
to completion, the second type of photosensitive molecule 
304 can be activated to induce curing at some later time 
using a second exposure at a shorter Wavelength 308. Note 
that because of the short Wavelength absorption tail associ 
ated With the ?rst type of photosensitive molecule 302 (a 
general characteristic of a broad variety of polymers), it is 
preferable that the sequence of exposures is not reversed. 

It should be noted at this stage that the amount of the 
second type of photosensitive molecule present in the pho 
tode?nable layer in?uences the refractive index change and 
thus optical mode Width achievable Within the photode?ned 
Waveguide. The greater the amount of the second type of 
photosensitive molecule used in the core layer, in general, 
the higher the refractive index change caused by photode? 
nition and the narroWer a mode shape that may be achieved, 
up to some limit set by the maximum differential refractive 
index that can be created in the material using the prefer 
ential curing invoked by the patterned exposure. The degree 
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8 
of cure (that is the extent of reaction, de?ned by the number 
of bonds formed as a fraction of the total number of bonds 
capable of forming) of the core layer 204 polymer is 
positively proportional to the curing energy applied, or 
alternatively to the amount of the photosensitive molecule 
species that is activated by exposure to radiation. The partial 
degree of cure Which is applied to the core layer after 
deposition to make it chemically and mechanically stable 
and robust, is an important factor in achieving a narroW 
Waveguide mode Width and high quality channel 
Waveguides by the photode?nition process described herein. 
The narroWest most highly con?ning Waveguide is generally 
achieved by applying the loWest degree of partial cure Which 
is still compatible With the chemical and mechanical stabil 
ity required by the core layer ?lm. A ?nal locking step 
(discussed beloW) is then preferably administered to ensure 
chemical, thermal and physical stable devices result. 

FolloWing the core layer deposition and pre-cure, an 
upper cladding 210, Which may be comprised, for example, 
of another (acryloxypropyl)methylsiloxane 
dimethylsiloxane copolymer (available from Gelest, Inc. as 
product code UMS-182), is provided to isolate the optical 
mode from actuators or the effects of the environment. The 
combination of the refractive index difference betWeen the 
core and the upper cladding (at least after photode?nition 
has been completed) and the upper cladding thickness 
should be suf?cient to cause the evanescent ?eld of the 
optical mode to have decayed to substantially Zero before it 
reaches the outer surface of the cladding to prevent absorp 
tion losses from occurring in overlying areas. Alternatively, 
if it is desired that the mode interact With features or 
materials (eg a chemical species in a sensor) outside the 
optical multilayer stack, the top cladding thickness and 
refractive index may be chosen such that the evanescent 
?eld of the mode has a predetermined strength at the upper 
cladding top surface to provide a desired mode interaction. 
Other suitable choices for the upper cladding layer 210 
material include crosslinkable polymers, inorganic or non 
crosslinked organic material, for example silica glass, 
polymer, sol-gel, aero-gel, liquid crystal or self assembled 
monolayer. The chemistry and the method of deposition 
utiliZed for this upper cladding layer should be such that its 
deposition does not deform or otherWise damage the core 
layer on Which it lies, or render it incapable of further 
photode?nition if desired. 

Once again, partial curing of this layer may be desirable, 
either at the same Wavelength )LLC as the loWer cladding, the 
core layer )tc, or a different Wavelength )tUc. It Will be 
apparent that if partial curing of the upper cladding layer is 
to occur at the same Wavelength as the loWer cladding, the 
same ?rst type of photosensitive molecule may be incorpo 
rated into the upper cladding layer on deposition. In 
addition, it is important that the partial cure of the upper 
cladding layer should not signi?cantly increase the level of 
cure of the core layer, at least not to such an extent as to 
interfere With the later photode?nition process. 

In this manner, all three materials of the loWer cladding 
layer, core layer and upper cladding layer may be at least 
partially cured, creating a temporary controllable chemistry 
in a predetermined manner. The temporary controllable 
chemistry means that the chemical and physical nature of the 
three materials is sufficiently stable that they can form the 
multilayer structure described, but that they can be further 
processed if so desired. The materials are thus initially 
selected such that When at least partially cured, they are able 
to be substantially stable both structurally and chemically. It 
should be noted that fabrication of the multilayer stack has 
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been discussed as possibly requiring at least partial curing of 
the three layers. Hence it Will be apparent that fabrication of 
the stack may alloW for the upper and loWer cladding layers 
to be fully cured, but the core layer, and any other layer that 
is desired or designed to be photode?ned, is not fully cured 
prior to Waveguide photode?nition. 
We believe that the resulting mode pro?le diameter of an 

optical Waveguide formed utiliZing a photode?nition pro 
cess according to the embodiment described herein 
decreases as the energy that is applied to the partial cure 
decreases. Note, hoWever, that the mode pro?le diameter is 
also dependent upon other parameters, for example the core 
layer thickness, the cladding refractive index etc. 

It should be noted that although the description above 
discusses a three layer optical stack, the substrate/loWer 
cladding, core and upper cladding layers, many more layers 
may be added to the structure. In particular, many more 
layers may be placed either above or beloW the core layer, 
and patterned With UV light as described herein. Except 
Where the context requires otherWise, the terms “above” and 
“beloW” are intended to be interpreted transitively. That is, 
one layer is considered to be “above” or “beloW” a second 
layer, even if there is an intervening layer betWeen the ?rst 
and second layers. In addition, in the embodiment described, 
the refractive indices of the upper cladding, core and loWer 
cladding layers are portrayed as having their oWn individual 
refractive indices, hoWever it is quite possible that the upper 
and loWer cladding layers have the same refractive index, 
and it is possible that the core layer, prior to the patterning 
step, have the same refractive index as either or both of the 
cladding layers. In this case the core layer Would have a 
photosensitive molecule that Will enable the photode?nition 
process to occur. It is therefore possible that all three layers, 
the loWer cladding, upper cladding and core comprise the 
same material, and have substantially the same refractive 
index prior to photode?nition, the core layer being distinct 
in that it also comprises at least ?rst photosensitive mol 
ecules. 

The method set forth above is presented as a non-limiting 
example of a technique for fabricating an optical multilayer 
stack. Other fabrication methods Will be apparent to those 
skilled in the art. For example, an optical multilayer stack 
may be created by the process of lamination. In this process, 
the at least partially cured loWer cladding, core and upper 
cladding layers are laminated by placing them in contact 
With one another and controllably applying pressure uni 
formly such that the air betWeen the layers is substantially 
removed. At this stage, after lamination, no photode?nition 
to create the Waveguide has yet occurred, and the lamination 
process has played no part in the diffusion process. 
Patterning With Ultraviolet Light, Photode?ning 
Once the optical multilayer structure has been 

constructed, the optical Waveguide, Which may take any 
desired dimensional shape in the plane of the photode?ned 
layer, for example a planar or channel Waveguide, is created 
by the process of photode?nition. The Waveguide pattern 
desired may be de?ned by a mask 206, Which has at least a 
patterned area through Which actinic or other radiation 205 
can pass. The mask 206 can be, for example, a conventional 
layer of photoresist, opaque at the Wavelength of the second 
cure, Which has been exposed and etched to the desired 
pattern. Once the mask has been placed or fabricated (e.g., 
in a lithographically patterned metal or resist layer) on the 
uppermost surface of the upper cladding layer 210, a UV 
light source or other suitable source is aimed to direct 
radiation toWards the masked surface. In embodiments 
Where exposure to radiation (preferential cure) leads to an 
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10 
increased refractive index region, optical Waveguides are 
created in the areas through Which actinic radiation can pass, 
and not in areas void of illumination (i.e., those regions 
covered by the opaque portions of the mask 206). 

Alternatively, a projection or proximity exposure system 
can be utiliZed Whereby the mask never contacts the surface 
of the polymer, but the pattern is imaged either using lenses 
or collimated light into the polymer to have substantially the 
same effect as the contact process. Equally, a direct Write 
process could be used Where a focused beam of radiation, for 
instance a UV laser (excimer) or electron beam, is scanned 
across the surface of the polymer layers to de?ne the 
irradiated pattern, possibly also utiliZing intensity modula 
tion to control the exact position of the features in the 
Waveguide netWork. 

In this photode?nition step, uniformity of the radiation 
beam cross-section as it descends upon the uppermost 
surface of the upper cladding, through the mask, is desirable. 
Such uniformity aids in the uniformity of the refractive 
index variation achieved throughout the volume, and the 
uniformity of the optical Waveguide netWork formed by the 
photode?nition process. 

The radiation 205 passes through the open areas of the 
Waveguide mask 206, through the upper cladding layer 210 
and into the core layer (or photode?nable layer) 204. In this 
selected volume of the core layer, the volume exposed to the 
radiation 205, the second type of photosensitive molecule is 
“activated” by the actinic radiation, and an optical 
Waveguide is formed. 

The Waveguide netWork can easily be de?ned to any 
desired tWo dimensional shape in the plane of the photode 
?ned layer, by appropriately fabricating the mask 206, 
Waveguide structures including curves, X- and Y-branches, 
and parallel couplers can be created. The Waveguide created 
may support either multiple transverse optical modes or a 
single transverse mode, depending on the strength of the 
optical con?nement and the dimension of the guide. In 
general, an optical mode is distinguished by its electromag 
netic ?eld geometry in tWo dimensions, by its polariZation 
state, and by its Wavelength. If the index of refraction change 
experienced by the optical mode is small enough (e.g,. 
An=0.003) and the dimensions of the guide are narroW 
enough (e.g. 5.0 pm), the Waveguide Will only contain a 
single transverse mode (the loWest order mode) over a range 
of Wavelengths. For larger refractive index differences and/ 
or larger Waveguide physical dimensions, the number of 
optical modes increases. Preferably the Waveguide is 
designed to support only a single, loWest order, mode, 
eliminating the complexities associated With higher order 
modes. Higher order modes have different propagation con 
stants than loWer order modes, and higher scattering loss, 
Which can be problematic in some applications. In other 
applications Where higher poWer is desired, higher order 
modes might be more bene?cial. 

It Will be apparent that although the description above 
discusses an embodiment in Which the core layer includes 
the second type of photosensitive molecules and thus pro 
vides the refractive index change to create the Waveguide, 
embodiments in Which the cladding layer includes the 
second type of photosensitive molecules are also possible. In 
these embodiments a structure knoWn in the art as a “strip 
loaded” Waveguide may be created. On exposure of the 
selected volume of the chosen cladding layer, (for example 
the upper or loWer cladding layer) activation of the second 
type of photosensitive molecule and further polymeriZation 
occurs, increasing its refractive index, Which may also be 
accompanied by diffusion of second type of photosensitive 
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molecule and monomer into the selected volume of the 
cladding layer. The rib of increased index located adjacent to 
the planar core layer induces a channel (or a three 
dimensional) optical Waveguide, (see, for example, the 
aforementioned Nishihara et al. reference). The refractive 
index change in the selected volume of the cladding 
(together With any associated refractive index decrease in 
the adjacent cladding areas) must be taken into account in 
the design of the Waveguide to ensure single mode (or 
multiple if desirable) propagation. Note that the rib of 
increased index does not have to be localiZed adjacent the 
core, but may extend through the entire thickness of the 
cladding layer. 

Alternatively, the photode?nable layer does not have to 
ful?ll the function of either the core or upper cladding 
layers. By placing a thin photode?nable layer adjacent the 
core layer (above or beloW), the rib of increased refractive 
index described above may be created by photode?nition. 
HoWever, the optical mode is not con?ned Within the pho 
tode?ned layer itself, but rather Within the adjacent core 
layer, the rib providing lateral con?nement and guiding. 
Note also that the rib does not provide the cladding layer 
functionality as it is not sufficiently thick to isolate the 
optical mode and is therefore itself placed adjacent the 
cladding layer. 

In order to photode?ne Waveguides in a multilayer poly 
mer structure, it is preferable to photoinduce index changes 
in one layer to the relative exclusion of changes in the other 
layers Which, in general, lie above and beloW the one of 
interest. HoWever, as long as the refractive index changes in 
the various layers are controllable and predictable it is 
possible to create Waveguide structures While alloWing 
refractive index changes to occur in more than one layer as 
a result of the same exposure. 

The process described above, preferably utiliZing a poly 
mer comprising at least tWo types of photosensitive mol 
ecules can be utiliZed to create a high quality optical 
Waveguide by creating the channel Waveguide directly in the 
core layer, through the upper cladding layer. In particular, it 
utiliZes tWo types of photosensitive molecules With different 
spectral responses. The ?rst type of photosensitive molecule 
is selectively activated to at least provide a partial cure level 
to structurally ?x the multilayer stack so it can be safely 
handled, stored and distributed. The second type of photo 
sensitive molecule is later used to photode?ne the layer of 
interest. 

It Will be apparent that this invention is not limited to the 
utiliZation of only tWo types of photosensitive molecules. A 
third type of photosensitive molecule, for example, may be 
included, enabling even further photode?nition to be pos 
sible in a subsequent step. The third type of photosensitive 
molecule Would react to a third Wavelength of light different 
from that of the ?rst and/or second types of photosensitive 
molecules. Similarly, fourth, ?fth, etc. types of photosensi 
tive molecules may be incorporated into the design and 
fabrication process. 

In an alternative embodiment, there is no requirement for 
the core (or photode?nable) layer to comprise tWo different 
types of photosensitive molecule. In such an embodiment 
partial cure of the loWer cladding layer may be induced 
thermally, or by activation of a ?rst type of photosensitive 
molecules. The core layer is then deposited, the core layer 
comprising a second type of photosensitive molecules. In 
some embodiments the ?rst and second photosensitive mol 
ecules may be of the same type. Partial cure of the core layer 
may be achieved by activating some of the second type of 
photosensitive molecules, or by thermal or electron beam 
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curing methods. The deposition process and partial curing 
process of the upper cladding layer must be chosen such that 
they do not substantially or adversely affect the level of cure 
in the core (photode?nable) layer. That is, if a photoexposure 
is used to activate a type of photosensitive molecule in the 
upper cladding layer, that exposure should not affect the 
level of cure in the core layer such that photode?nition 
cannot be achieved With a subsequent patterned exposure of 
appropriate Wavelength to activate the type of photosensitive 
molecules in the core layer. Subsequent photode?nition of 
the core layer is achieved by activating the remaining second 
type of photosensitive molecules, Which may be achieved by 
exposure to the same Wavelength that may have been used 
in the partial cure process. 

It Will also be apparent that this invention is not limited to 
a process that requires photode?nition through only the 
upper cladding layer as described above. It is possible to 
utiliZe this process by photode?ning through any layer, or 
some number of layers, for example the loWer cladding layer 
or the substrate itself. 

It should be noted that Wherever the methods described 
herein call for photosensitive molecules of a particular type, 
it Will be appreciated that the molecules of that type can be 
accompanied by additional molecules of a different type, 
Which are activated in the same step as the molecules of the 
particular type. The additional type can be chosen to be 
activated by exposure to the same radiation as the particular 
type, or alternatively, can be chosen to be activated by 
exposure to a form or Wavelength of radiation that is 
different from that Which activates the molecules of the 
particular type. If the additional type is activated by expo 
sure to a form or Wavelength of radiation that is different 
from that Which activates the molecules of the particular 
type, then different embodiments can provide the tWo types 
of radiation either simultaneously or sequentially. 
Enhancing the Diffusion/Crosslinking Process 

If considered necessary, an optional bake process may be 
applied to the multilayer stack to enhance the diffusion or the 
crosslinking process. This step is performed betWeen the 
patterned photode?nition exposure and the ?nal “lock up” 
exposure provided to secure the Waveguide pattern in the 
polymer structure. The range of temperatures and the time 
for Which the heat should be applied Will vary depending 
upon the chemical nature of the multilayer stack. It is 
desirable that the heat applied is above room temperature 
such that molecules are able to move, yet not so high that 
these same molecules evaporate, sublime or otherWise dis 
associate from the multilayer stack, for example, in the 
range of 25 to 100° C. The time for Which the heat is applied 
preferably is long enough to attain equilibrium of diffusion 
or crosslinking in the desired region. For the multilayer stack 
described hereinbefore, a bake process carried out at a 
temperature in the range of 60 to 85° C., preferably 75° C., 
for a time period in the range of 15 minutes to 1 hour, 
preferably 30 minutes, is effective in achieving photode?ned 
Waveguide fabrication. 
Locking the Final Structure Permanently 

It should be noted that prior methodology leaves open the 
possibility that unreacted material may remain folloWing 
processing, Which may then further react or degrade during 
use or storage in a manner (i.e., a sloW change in refractive 
index) that decreases the device performance. For example, 
US. Pat. No. 4,712,854 (Mikami et al.), incorporated by 
reference herein, describes a process in Which the refractive 
index variation of a photode?ned material is controlled by 
the progress of the photopolymeriZation of the material. 
Prior art technology requires or recommends that the Wave 
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length of the light to be guided be preferentially outside the 
Wavelength range of photosensitivity, Which encompasses 
the Wavelength of the light to Which the sample Was exposed 
(for example) in order to avoid further reaction or change in 
the cross-sectional variation of the index of refraction Within 
the guide. 

The embodiment of FIGS. 2a—2e, provides a ?nal locking 
step to be administered to ensure a chemically, thermally and 
physically stable Waveguide, both at this stage and folloWing 
any subsequent processing that might be performed. The 
entire structure is exposed to radiation Wavelength(s) 214, 
such that any of the types of photosensitive molecules that 
have not been activated are noW utiliZed, thus completing 
the curing of any layers Which Were previously only pro 
vided With a partial level of cure as described above. Hence, 
in the example given, if all the three layers (the loWer and 
upper claddings, and the core layer) included a ?rst type of 
photosensitive molecule Which responded to Wavelength 
)tLc, exposure to at least this Wavelength Would be required 
so that the structure Would be stabiliZed. In addition, expo 
sure to KC and )tUC to activate any or all of the second type 
of photosensitive molecules is desirable to prevent further 
refractive index changes. In the above-described 
embodiment, it is preferable that the structure is uniformly 
exposed at the activation Wavelengths of all the types of 
photosensitive molecules incorporated into the three layer 
structure such that substantially all the types of photo 
sensitive molecules in the polymer multilayer structure are 
activated. In this manner, further exposure to actinic radia 
tion in the course of processing Will not induce any further 
curing of the polymer layer and Will thus not (in principle) 
affect the patterned index structures created by the previous 
photode?nition process. Exposure for a time period in the 
range of 5 to 30 minutes, With the intensity ranging from 5 
to 50 mW/cm2, is considered necessary to lock the chemical 
structure Without chemically degrading the material. Expo 
sure for 10 minutes at 20 mW/cm2 is preferable for the 
materials disclosed above. The range of intensities and the 
time for Which the radiation should be applied Will vary 
depending upon the chemical nature of the multilayer stack. 
It is desirable that the radiation is applied at an intensity to 
enable activation of the photosensitive molecules, but not at 
an intensity at Which destruction of the individual layers 
occurs. The time for Which the radiation is applied should 
preferably be long enough to achieve full activation of all 
types of photosensitive molecule and “complete” cure and 
may range from approximately a minute to 5 hours. 

In terms of the ?nal, lock up exposure, the term “com 
plete” cure represents the activation of substantially all the 
photosensitive molecules present in the polymer materials, 
and thus represents a substantially unchanging state of cure 
or bonding, Which Will not vary signi?cantly over time, as 
the result of further processing, or as a result of exposure to 
guided optical energy of any Wavelength. 

It should be noted that it is possible to sensitiZe the 
polymer to control the conditions that in?uence activation of 
the photosensitive molecules using commercial sensitiZers 
such as peroxides like benZoyl peroxide. These molecules 
may be added during processing, or in appropriate cases, 
folloWing deposition and before photode?nition. 

FIG. 4 provides a comparative illustration of mode pro 
?les in tWo different Waveguides, the ?rst Waveguide being 
fabricated using a knoWn reactive ion etching (RIE) 
technique, and the second being fabricated by employing the 
photode?nition process set forth above. It is found that the 
mode Width for an optimiZed photode?ned Waveguide pro 
?le (FIG. 4(b)) is only about 1 pm Wider than for the RIE 
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Waveguide pro?le (FIG. 4(a)). It is believed that the 
Waveguide created by the RIE process produces a step-like 
index pro?le, and that the Waveguide created by the UV 
photode?nition process produces a graded (e.g. gaussian) 
index pro?le. 
When light at 980 nm is focused into the guides formed 

using the process described above, single transverse mode 
optical Waveguide mode patterns are observed in the trans 
mitted light. The materials and thicknesses used in one 
example are as folloWs: a Corning 1734 glass substrate; a 
Gelest UMS-992 polyacrylate loWer cladding, layer thick 
ness 5 pm; a Norland Optical Adhesive 68 core, layer 
thickness 1.2 pm; and a Gelest UMS-182 polyacrylate upper 
cladding, layer thickness 1.4 pm; With Darocur 1173 (Ciba 
Giegy) and Irgacure 369 (Ciba Giegy) as the ?rst and second 
photosensitive molecules respectively. As fully processed, 
the materials used in experimental construction of the three 
layers provide indices of refraction of 1.488, 1.522, and 
1.422, respectively. The optical throughput of a 4 cm long 
Waveguide is up to 25% and the mode diameter is 10.5 
microns in the plane of the core layer. Thus the present 
invention is capable of providing photode?ned optical 
Waveguides suitable for application in novel integrated optic 
based ?at panel displays, for example, the type of display 
described in US. Pat. No. 5,544,268 to Bischel et al., 
incorporated by reference herein. 

It should be recogniZed that the foregoing description 
concerning the number and ordering of process operations, 
and series of operations, sets forth one exemplary method 
for constructing one embodiment of the invention. Numer 
ous alternatives to the aforementioned process sequence, as 
Well as partial performance of certain operations or series 
interlaced With partial performance of other operations or 
series, exist and are Within the contemplated scope of the 
invention. 
Discussion of Possible Mechanisms for Change in Index 

It is Well knoWn that photode?ned Waveguide formation 
results from an induced change in refractive index. Prior art 
for the photode?nition of Waveguides assumes that small 
molecule diffusion is required for the de?nition process to 
occur. Diffusion of some small molecules into the selected 
volume (the region undergoing photode?nition) aids in 
increasing the refractive index, hoWever it is believed that 
there are other mechanisms that may play a part in the 
de?nition process. 

It is knoWn to those skilled in the art that one mechanism 
for changing the index of refraction of a monomer/polymer 
is by reacting it, taking advantage of the fact that the 
polymer has a different index of refraction than the mono 
mer. The photode?nition process encourages reactions to 
occur, including those Which induce polymeriZation of the 
monomer Within the selected volume. In general, a monomer 
and a corresponding polymer have different indices of 
refraction; for example the indices of methyl methacrylate 
(nD20=1.4140) and styrene (nD20=1.5470) differ signi? 
cantly from poly(methyl methacrylate) (nD20=1.4920) and 
polystyrene (nD20=1.5916) respectively. In general, forming 
a netWork or crosslinked polymer increases the refractive 
index even more than forming a linear polymer due to the 
fact that more bonds are formed. 

In addition to the monomer polymeriZation, other photo 
sensitive molecules, for example photoinitiators, sensitiZers, 
etc., also may be activated and form crosslinked bonds 
Within the polymer netWork. The amount of a type of 
photosensitive molecule present is partially responsible for 
controlling the number of crosslinked bonds formed, 
enabling the monomer to crosslink With polymer (for 
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example), the number of reactions that occur may therefore 
be controlled by, among other variables, changing the pho 
tosensitive molecule concentration. The photosensitive mol 
ecule concentration thus affects the ?nal density and index 
of the reacted material, by affecting the number of crosslink 
bonds formed, up to the maximum number that can be 
supported by the polymer netWork. A greater number of 
crosslink bonds per unit volume tends to pull the polymer 
chains more closely together, compacting the structure and 
increasing the material density and thus increasing the index 
of refraction. It should be noted that the crosslink density 
may also be changed thermally, radiatively, or by other 
means, not just via photode?nition. Incomplete reaction 
(residual monomer or unactivated photosensitive molecules) 
or loWered crosslink density decreases the amount of index 
change achievable. HoWever it is also Well knoWn that the 
index change achieved by this mechanism may be relatively 
small, and therefore this may not be the only mechanism at 
Work in the invention described herein. 
Asecond possible mechanism for changing the refractive 

index in a polymer is by increasing the material density of 
the system in question, Without necessarily increasing the 
number of crosslink bonds per unit volume. In the material 
system of the multilayered stack described, the polymeriZa 
tion reactions described above cause a depletion of both the 
second type of photosensitive molecule and/or the unreacted 
monomer. These depletions produce gradients in concentra 
tion and chemical potential Which in turn induce the second 
type of photosensitive molecule and/or monomer in the 
adjacent unaffected (unexposed) region(s) to diffuse into the 
selected volume. This type of diffusion mechanism has been 
described in the research literature (Colburn et al., Applied 
Optics, 10, 1636 (1971) and Wopshall et al., JOSA, 61, 649 
(1971), both incorporated by reference herein). As the 
monomer diffuses into the selected volume, the density of 
that volume increases, increasing the refractive index of the 
selected volume and potentially creating an optical 
Waveguide, (provided that for the material of choice the 
refractive index increases With density). 

In the embodiment described earlier, in Which the core 
layer of the optical Waveguide included a second type of 
photosensitive molecules, and the core layer had a refractive 
index that Was greater than that of the surrounding cladding 
layers, the folloWing condition should be noted. The diffu 
sion of monomer and the second type of photosensitive 
molecules from the adjacent planar core layer to the selected 
volume (to eliminate the concentration gradients and chemi 
cal potential induced by the activation of the second type of 
photosensitive molecules and the subsequent polymeriZation 
of the monomer) may result in a slight decrease in refractive 
index of the region directly adjacent the Waveguide com 
pared to that Which Would be expected from a uniformly 
cured planar layer Where no volume Was selected for pref 
erential activation of the second type of photosensitive 
molecule. 
A third possible mechanism for changing the refractive 

index involves the diffusion of either a second type of 
photosensitive molecules, or any reactive or unreactive 
small molecules that differ in refractive index from the ?nal 
polymer, into the selected volume. The unreacted small 
molecules may be encapsulated, stable molecules, forming 
either an interpenetrating netWork or a semi-interpenetrating 
netWork. In the case of the second type of photosensitive 
molecules, this mechanism may increase the refractive index 
of the selected volume as the post-activation remnants of the 
second type of photosensitive molecules may increase the 
polariZability of the volume and hence increase the refrac 
tive index. 
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16 
The Effect of Photode?nition on Tg 
The number of polymer crosslink bonds formed strongly 

affects the glass transition temperature, Tg. The glass tran 
sition temperature (Tg) is a range of temperatures over 
Which signi?cant local motion of the polymer backbone 
occurs. The Tg is usually de?ned as cooperative motion of 
about 10 backbone units, or a viscosity of 1014 poise, or a 
second order phase transition in heat capacity. The tempera 
ture at Which a measured change in slope occurs in the 
rate-of-change-of-volume With temperature curve, is con 
sidered the glass transition temperature (Tg), or softening 
point. For a detailed description see G. B. McKenna, chapter 
10, Comprehensive Polymer Science, Volume 2, Edited by 
C. Booth and C. Price, Pergamon Press, Oxford (1989), 
incorporated by reference herein. 
The glass transition temperature (Tg) in any region of a 

polymer is a function of the density (p) in that region. In 
general, as the density increases, the index of refraction also 
increases. Thus the change in density thought to be associ 
ated With the photode?nition process, in addition to causing 
a refractive index change in a photode?ned Waveguide, 
should also cause a change in the glass transition tempera 
ture. The glass transition temperature may therefore be 
considered an alternative parameter for qualitatively evalu 
ating the optical properties of a polymer system. 

For example, in an embodiment of the current invention, 
measurements taken using the TMA feature of a TA Instru 
ments Atomic Force Microscope-Thermo-Mechanical Ana 
lyZer (AFM-TMA) indicate that the glass transition tem 
perature of the crosslinked polymer inside the photode?ned 
Waveguide region is about 20° C. higher than that outside the 
photode?ned Waveguide region. This change in Tg indicates 
a signi?cantly higher number of crosslinked bonds in the 
Waveguide region. 

It may be preferable for the photode?nable layer to 
comprise a loWer Tg, lightly crosslinked material, Where a 
given absolute change in the amount of crosslink bonds may 
lead to a higher percentage change in material properties 
than in a higher Tg, highly crosslinked material, and thus a 
more effective photode?nition process. 

It should be noted that the index of refraction of a netWork 
polymer may be a function of processing, i.e. dependent on 
the method of polymeriZation. This is partly related to the 
crosslink density achieved (in general the higher the 
crosslink density, the higher the index of refraction) or, in 
systems Where the monomer or a type of photosensitive 
molecule has multiple, similarly reactive sites, the type of 
crosslink bonds formed. Thus, polymer formed using free 
radical polymeriZation as described herein, Will potentially 
have different indices than those formed using electronic 
beam cures, anionic or cationic polymeriZations, etc. This is 
not important as long as the material indices of the different 
layers after curing are correctly chosen to form the desired 
Waveguide structure after photode?nition. 
Bumps 

In the prior art, photode?ned Waveguides have generally 
been accompanied by sWelling or bumps on the surface of 
the photode?ned (core) layer. These are believed (as dis 
cussed in Ashley et al., IEEE Photonics Tech. Lett., 4(9) 
1026 (1992), incorporated by reference herein) to result 
from indiffusion of monomer into the selected volume 
locations Where activation of the photosensitive molecules 
causes polymeriZation to occur. The indiffusion of the mono 
mer during the curing or crosslinking process causes the 
selected volume to sWell under certain but not all conditions. 
The presence of the bump may result in enhanced Waveguid 
ing by con?ning the beam more tightly to the Waveguide 
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channel. However, dif?culties associated With the planariZa 
tion of overlying layers may more than offset this advantage, 
and consequently photode?nition has not been as Widely 
utilized to date as one might otherWise imagine. One of the 
major attributes of the approach described herein (utiliZing 
tWo types of photosensitive molecules) is that it can effec 
tively minimize or substantially eliminate the diffusion 
induced bump. By partially curing the polymer layer to be 
photode?ned prior to the patterning step, the crosslinking 
process may occur to an extent suf?cient to prevent the 
material from sWelling but not enough to necessarily prevent 
diffusion from occurring. Diffusion of monomer and/or the 
second type of photosensitive molecules into the crosslinked 
region may still occur ef?ciently, With additional heat or 
other assistance if necessary; the resulting photode?ned 
Waveguide layer may be shoWn to be substantially planar 
With no bump if desired. Thus the refractive index of the 
selected volume may be increased Without the polymer 
structure being alloWed to stretch or sWell to form a bump. 
If appropriate ratios of pre-cure and patterning exposures are 
used, it may be expected that the degree of initial crosslink 
ing may be controlled, and that the extent of sWelling on 
photode?nition also controlled so as to yield bumps if 
required ie a loWer level of pre-cure may result in more 
signi?cant bumps after photode?nition. 

The at least partially crosslinked structure of the pre 
photode?nable stack also may largely inhibit material sWell 
ing (due to diffusion) during the photode?nition cure 
process, resulting in a substantially planar surface to the 
photode?ned Waveguide system if desired. Additionally, the 
photode?nition Waveguide creation process may be 
achieved Without the use of extra chemicals or solvents, and 
may be performed as rapidly as the activation energy 
(exposure) dose is applied to the stack. 
An attractive feature ofthe embodiments described herein 

is that the optical multilayer polymeric stack is an at least 
partially crosslinked structure before the Waveguide photo 
de?nition step. This results in the stack being substantially 
stable With respect to environmental, chemical, physical, 
and processing conditions, despite the fact that the material 
is in the form of a thin ?lm a feW microns thick. Thus, 
considerable delay may be introduced or intermediate pro 
cessing may be performed betWeen the deposition/ 
construction of the complete optical Waveguide multilayer 
stack and the photode?nition patterning of the Waveguides. 
For example, if the substrate is ?exible, the stock can be 
processed to just prior to the photode?nition step, and then 
rolled onto a reel for short- or long-term storage before being 
brought out again for further processing. 
Rapid Prototyping 

Another application of the Waveguide photode?nition 
process described herein is in the ?eld of rapid prototyping 
of optical Waveguide devices. In this application, a sheet of 
pre-deposited, partially cured multilayer optical stack may 
be exposed either using mask type photolithography, or 
using a direct Write laser (e.g. UV excimer laser, solid state 
UV laser or Argon laser) or electron beam system to de?ne 
a Waveguide netWork in the photode?nable layer of the 
structure. Aparticular advantage of the scanned direct Write 
laser exposure system is that there is no requirement to 
fabricate time consuming and costly photolithographic 
masks to produce a prototype device. Optical design com 
puter aided design ?les can simply be Written directly into 
the photode?nable layer using the scanned laser or electron 
beam. In addition, the pre-deposited optical multilayer stack 
can be prepared or purchased signi?cantly in advance of the 
Waveguide fabrication date, enabling stockpiling of “raW” 
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material. The combination of these advantages may lead to 
signi?cantly reduced device design, testing and optimiZation 
time cycles compared to the current state of the art, Where 
a multilayer stack must be built and a neW exposure mask 
designed and fabricated, for each iteration of device design. 
Photode?ned Grating Devices 

Other applications for photode?ned optical polymer 
active and passive devices fabricated as described herein 
include Array Waveguide Grating (AWG) devices and Bragg 
gratings, both used in the telecommunications ?eld for dense 
Wavelength division multiplexing (DWDM) components 
and other applications. AWG devices often have multiple 
(16 or more) channels, and have an inherent siZe advantage 
in telecommunications applications because they are inte 
grated devices. By separating the input signal into N channel 
Waveguides, each designed With a different path length, and 
recombining them in an N><N coupler, the Wavelength mul 
tiplexed data channels become spatially separated through 
interference and diffraction effects. Bragg gratings selec 
tively ?lter Wavelengths, Where, for example, all Wave 
lengths pass through the device except the targeted 
Wavelength, Which is re?ected. 

Polymer thermo-optic grating devices may be used as 
optical ?lters, add/drop multiplexers, or more generally as 
thermo-optically tunable Bragg gratings. Desirable proper 
ties include long-term stability of index of refraction, a large 
material thermo-optic coef?cient, linearity of response as a 
function of temperature, and lack of birefringence. All of 
these properties are obtained With optical polymer 
Waveguide materials as described herein. 

In the spirit of this invention, a Bragg grating illustrated 
in FIG. 7 may be formed in a polymer multilayer stack 
consisting of a loWer cladding layer 702, core layer 704, and 
upper cladding layer 706, on a substrate 708. The core layer 
may be de?ned after the multi-stack is deposited, to contain 
a Waveguide (as described earlier) Where the optical mode in 
the Waveguide 710 noW overlaps a region containing a 
grating 712. The photode?ned grating may be created by 
exposing the photode?nable polymer to tWo interfering 
plane Waves, incident at an angle designed to produce an 
interference pattern of a desired period Within the polymer. 
The periodic high and loW intensity regions of the interfer 
ence pattern induce periodic refractive index changes via the 
mechanisms described above. Alternatively a single illumi 
nating beam may be used, transmitted through a phase mask 
to de?ne the grating. These methods of fabrication are 
advantageous because the photode?nition process provides 
adequate modulation of the index of refraction With the 
desired periodicity. In addition, the Waveguide and the 
grating may be formed in the same processing step, Which 
minimiZes the number of processing steps, eliminates reg 
istration errors, and thus improves yield and device perfor 
mance. It should be noted that other techniques for grating 
fabrication, for instance such other methods knoWn in the art 
as etching, ablation, molding, embossing, lamination, etc., 
do not offer this processing advantage. The grating period 
(typically on the order of the Wavelength of light) is selected 
to achieve Bragg re?ection for at least a predetermined 
Wavelength of light 714 propagating in or coupled into the 
Waveguide. Light of Wavelength satisfying the Bragg con 
dition is re?ected or coupled into another path. In a preferred 
embodiment, the grating retro-re?ects light in the 
Waveguide. Another advantage of the processing method 
disclosed herein is that additional gratings With different 
periods or other features may be added after the ?rst grating 
if required. 
The Bragg Waveguide re?ector may be made thermally 

tunable by fabricating a heating electrode 716 on the device 


















